Structural Performance of Degraded (Corroded) Reinforced Members – An Analytical Study  by Solanki, Himat et al.
 Procedia Engineering  51 ( 2013 )  290 – 299 
1877-7058 © 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.
Selection and peer-review under responsibility of Institute of Technology, Nirma University, Ahmedabad.
doi: 10.1016/j.proeng.2013.01.039 
* Himat Solanki. Tel.: 9727160428. 
E-mail address: himatsolanki@yahoo.com 
Chemical, Civil and Mechanical Engineering Tracks of 3rdNirma University International Conference 
(NUiCONE 2012) 
Structural Performance of Degraded (Corroded) Reinforced Members     An 
Analytical study 
Himat Solankia, Rushang Daveb, Ravi Gehlota,b,* 
aStructural Engineer, Sarasota, Florida, USA and Visiting Faculty Member, Civil Engineering Department,  Nirma University,Ahmedabad, Gujarat, India 
bUndergraduate student, Civil Engineering Department, School of Technology, Pandit Deendayal Petroleum University, Gandhinagar, Gujarat, India 
Abstract 
Any reinforced concrete structures should serve its function over the intended service life span satisfactorily.  But depending upon the 
exposure conditions, the premature failure may takes place in the structures and it may affect its service life span too. The premature 
failure of the RCC structures occurs due to corrosion of the reinforcement, spalling/cracking of the reinforced concrete, improper design, 
improper construction, chemical ingress, etc. The corrosion of the reinforcement is the major factor behind the premature failure. This 
paper describes the effect of age-related deterioration (corrosion) and spalling/cracking on the structural performance of the reinforced 
concrete members in probabilistic terms. The effects of degradation on the probability of failure are computed to determine serviceability 
at various stages of degradation in reinforced concrete members. Also the paper describes and evaluates the effects which are responsible 
for the degradation in reinforced concrete members. 
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Institute of Technology Nirma 
University, Ahmedabad. 
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Nomenclature 
mc  median capacity  
f c cylindrical concrete compressive strength 
fy yield tensile strength of steel 
Ec modulus of Elasticity 
Mcr Cracking moment 
Ig Gross section modulus 
Icr Cracked section modulus 
Wi/ We internal work/ external work 
Mu Ultimate moment 
Av area of horizontal steel 
Nu axial load 
Lw  wall width 
Greek symbols 
standard normal probability integral  
R  aleatory uncertainties 
u epistemic uncertainties 
Reinforcement ratio 
displacement 
ratio of degraded to ungraded concrete strength 
ratio of degraded to ungraded steel area 
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1. Introduction 
The performance and function of concrete structure is to protect or is to provide safety to the occupants. As the concrete 
structure ages, the aged or degrades leads to changes in engineering properties such as structural resistance/capacity ,failure 
mode, location of failure etc. Mainly degradation of system and components are expected to occur in general cases, and 
hence there is a growing need for accurate prediction of the load carrying capacity of existing reinforced concrete members 
As the time varies strength of concrete and steel has a drastic change on the resistance of an existing reinforced concrete 
structures.                                                                                                                                                                                             
In general, concrete strength increases with time in initial stage, and in latter stages of degradation, the strength decreases 
with the time. For structures subjected to environmental attack spalling/cracking, the concrete strength can decrease with 
time in some certain manner that has been discussed in this current paper. To evaluate the resistance of existing concrete 
structure, the actual compressive strength must be taken into account. As the concrete strength is regarded as a random 
variable, the mean value, and some standard approximated values we have to consider accordingly. 
In general air environment, the corrosion/detoriation of concrete is normally due to carbonation, which reduces alkali 
content of concrete. Once the corrosion has been started, the concrete strength start varying with time . The regulation of 
time-variant concrete strength depends on concrete grade, cement type and water-cement ratio and many other time varying 
factors. 
2. Fragility Methodology 
Fragility  techniques consists of fragility curves developed for both ungraded and degraded structural members. With the 
help of this fragility curves, the effect of degradation can be determined.  Fragility curves are generally developed using a 
single parameter to relate the level of shaking to the expected structural damage. The main goal of this work is to use 
several parameters to characterize the earthquake ground motion. The fragility curves will, therefore, become surfaces when 
the ground motion is represented by two parameters. To this end, the roles of various strong-motion parameters on the 
induced damage in the structure are compared through nonlinear time-history numerical calculations. Fragility analysis  is a 
technique for assessing, in probabilistic terms, the capacity of  an engineered system to withstand a specified event. Fragility 
modeling requires a focus on the behavior of the system as a whole and, specifically, on things that can go wrong with the 
system. The fragility modeling process lead to a median centered estimate of the system performance coupled with an 
estimate of the variability  or uncertainty in performance. 
The most common model in the structural fragility analysis is  the lognormal cumulative distribution function (CDF). 
The log normal CDF is a continuous probability distribution of a random variable whose logarithm are normally distributed. 
If X is s random variable with a normal distribution, the Y = exp (X)  has a log-normal distribution, likewise, if Y is log-
normally distributed, then X = exp (Y) has a normal distribution . It is emphasized that all sources of uncertainty known to 
impact structural performance should be included in this model. The log normal CDF is described by, 
FR c c]         ----------Eqn.(1) 
where FR(x) is the probability of failure for an applied load equal to x, 
  
 mc = median capacity, 
 c = logarithmic standard deviation, approximately equal to the coefficient of variation Vc     (Vc<0.3) 
c R
2 u2 
where  R = aleatory uncertainties, (i.e. inherent variability in strength of concrete and reinforcing   steel,  
dimensions, etc. )  and 
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u = epistemic uncertainties, (i.e. simplifying assumptions regarding structural mechanics,    method of analysis, 
limitations in data, etc.)  
A summary of available statistical data of the strength of reinforced concrete flexural members (beams and slabs) and 
reinforced concrete shear walls is shown in Table 1 and Table 2. These are based on a comprehensive review of published 
literature. 
The limit state for the beams considered here is defined by the beam strength measured in terms of  uniform load capacity. 
Deformation based limit states usually are not the limiting condition for flexural members. The loads acting on the flexural 
members are static gravity load. Hence the  principal loads acting on the flexural members are considered to be static, the 
steel and concrete strengths presented are static in-situ strength i.e. the strength when failure of the member takes place. The 
principal loads acting on shear walls are also static and hence static properties of concrete and steel are used. There is 
always a difference between the Design strength and the field strength of the concrete members. The in-situ strength of 
concrete requires additional corrections to account for differences between standard cure cylinder strengths and field 
strength that arise from field placement, consolidation, and curing conditions. Here the concrete strength is the 28-day in-
situ strength under static load conditions both for the beams and shear walls. Concrete gains strength beyond 28-days too, 
but here for design concrete strength up to 28 days  is only considered. Increase in strength of concrete beyond 28 days has 
only a nominal effect on strength of the beam and shear walls. For conservatism, this increase in strength is ignored in the 
current study. 
Table 1 
Structural Resistance Statistics for Reinforced Concrete Beams subjected to Static Forces 
SN Property Mean  COV 
  
1 Concrete (27.6 MPa) 
1.1 Compression strength 24.5 MPa 0.16 
1.2 Tensile (splitting strength) 2.47 MPa 0.18 
1.3 Initial tangent modulus 2620 MPa 0.18 
1.4 Limiting compression strain 0.004  0.20 
    
2 Grade Fe-415 reinforcement 
2.1 Yield strength 455  MPa 0.10 
2.2 Modulus of Elasticity 200   GPa NA 
    
3 Placement of Reinforcement 
3.1 Effective Depth, d d mm 0.5/d 
3.2 Bar cover c + 6.5 mm 0.625/c 
    
4 Structural Analysis 
4.1 Flexure (Bf) 1.04 0.07 
(SOURCE : J.G.McGregor et. al. ACI Journal, Vol. 80, No.3, 1983) 
 
 
Table 2 
Structural Resistance Statistics for Reinforced Concrete Shear walls subjected to Static Forces 
SN Property Mean  COV 
  
1 Concrete (27.6 MPa) 
1.1 Compression strength 30.3 MPa 0.16 
1.2 Tensile (splitting strength) 3.27 MPa 0.18 
1.3 Initial tangent modulus 2644 MPa 0.18 
1.4 Limiting compression strain 0.004  0.20 
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2 Grade Fe-415 reinforcement 
2.1 Yield strength 490 MPa 0.10 
2.2 Modulus of Elasticity 200   GPa NA 
    
3 Placement of Reinforcement 
3.1 Effective Depth, d d mm 0.5/d 
3.2 Bar cover c + 6.5 mm 0.625/c 
    
4 Structural Analysis 
4.1 Shear (Bsh) 1.00 0.14 
(SOURCE : NUPEC Data- Courtesy of Dr. Nilesh Chokshi, NRC, Washington, DC) 
 
The factor Bf and Bsh accounts for epistemic uncertainty. Ideally the structural models (i.e. Finite Element Analysis model) 
should be very close to Design Code model and in that case Bf or Bsh should be 1. 
The structural components were analyzed using Latin Hypercube sampling, a stratified sampling technique by using 
nineteen samples for each analysis to facilitate the center  90 % range of fragility curve. 
 
3. Fragility Evaluation of Degraded Flexure Members 
 
For determining the effects of degradation on Reinforced Concrete Beam, a propped cantilever beam was designed using 
ACI 318 code and the results were verified using Finite Element method.  For undegraded and degraded beam, the fragility 
curves were calculated and were compared for various levels of degradation. For important beam properties, the log-normal 
distributions were plotted both for undegraded and degraded conditions. Further, with the help of this properties, the 
probability of the failure of the beam were evaluated. These calculations were performed with an analytical model (designed 
as per ACI 318 code) and the results were verified with a finite element model of beam. 
 
3.1 Beam Design 
 
3.1.1. ACI : 318 Code method 
 
A propped cantilever beam designed based on following structural  properties (BNL-NUREG-68193) 
 
 Span, L = 6.1 m 
Beam dimension =  width b= 330mm; Depth, h = 610 mm 
Cylindrical concrete compressive strength,  f c = 27.6 MPa 
Yield tensile strength of steel   fy = 415 MPa 
Modulus of Elasticity    Ec = 24.9 GPa 
Reinforcement ratio in Compression zone  +ve  = 0.0087 
Reinforcement ratio in Tension zone  -ve = 0.0145 
Balanced reinforcement ratio   b = 0.0285 
Flexural strength of reinforced concrete beam fr = 3.27 MPa 
Cracking moment    Mcr = fr ( Ig/c) = 66.8 kNm 
Gross section modulus ,    Ig = 623350 cm4 
Cracked section modulus    Icr (-ve)  = 315750 cm4 
Cracked section modulus    Icr (+ve)  = 216230 cm4 
Total factored load (Dead load + Live load ) wu = 94.9 kN/m 
Ultimate moment in Tension zone Mu (-ve) = wul2/8 = 441 kNm 
Ultimate moment in Compression zone Mu (+ve) = 9/128 (wul2) = 281 kNm 
The beam remains elastic until the bending moment at either the fixed support or at the region  of maximum  positive 
moment reaches the ultimate moments. Since negative moment reaches ultimate moment first, the first plastic hinge forms 
at the supports. 
WPL = 8M-u/L2 = 105 kN/m 
Based on the plastic limit analysis, the external work done for the virtual displacement ( ) is  
 We =  WP2 [x/2+ (L-x)/2] 
and the internal work done is  
Wi = Mu(-ve) /x)+ {(1/x) + (1/(L-x)}] 
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Equating the internal work done  with the external work done , the collapse load, 
 WP2 = 2[Mu(-ve) +(Mu(+ve) *(L/(L-x)))]/Lx      ---------Eqn. (2) 
Hence the collapse load at second plastic hinge 
  WPL = 114 kN at x = 3.81 m from the support. 
 
3.1.2. Finite Element Method 
The results from the Beam design and ACI code method analysis was verified with the Finite Element method. The Beam 
code. 
Cracking and crushing of concrete was considered. The steel reinforcement was also modeled discretely with span elements 
having elastic-plastic material properties. 
First hinge was considered at the first yielding of the reinforcement. 
The following results were noted: 
 Cracking load             = 24.1 kN/m 
 First Plastic hinge       =  103 kN/m 
 Second Plastic hinge  =  115 kN/m 
 Cracking load             = 14.4 kN/m 
 First Plastic hinge       =  105 kN/m 
 Second Plastic hinge  =  114 kN/m 
The figure 3 shows the plot of Load-Deflection relationship. 
 
3.2. Fragility Methodology and Results 
 
3.2.1 Fragility Methodology 
 
The effect of concrete spalls can be assumed as 
  M = As fy (d-q*d) 
  Where q =  fy / (1.7 f c) 
 Mdegraded /Mungraded = (1-c/(d-q))/(1-q) 
The degradation of steel cross sectional area and concrete compressive strength was expressed as  ratio of the two moment 
capacities. 
The ratio of two moment capacities in terms of ratio of degraded to ungraded compressive strength of concrete can be 
expressed as 
  Mdegraded/Mungraded = (1-q/ q) 
   Where ratio of degraded to ungraded concrete strength 
Similarly, the ratio of two moment capacities in terms of ratio of degraded to ungraded steel area would be expressed as  
Mdegraded/ Mungraded = q 1-q)  
   Where ratio of degraded to ungraded steel area 
In case of combined degradation of steel area loss and concrete spalling, the ratio of degraded to ungraded moment 
capacities would be expressed as 
  Mdegraded/Mungraded = c/d - q) /(1-q) 
 
3.2.2. Fragility Results  
The fragility curves were generated for the ungraded and degraded (corroded) beam. The data shown in Table 1 was used to 
develop the fragility curve of ungraded beam.  Equation (2) was used to evaluate the beam strength. Based on the analysis 
with 19 samples, the mean strength was found to be 126 kN/m with a logarithmic standard deviation of  0.11. The fragility 
parameter for the degraded beam were summarized in Table 3.Figure 4 shows that there is about, 2% of probability of 
failure at design ultimate capacity of  100.3 kN/m and 0.5 % of probability of failure at the design ultimate capacity of  94.9 
kN/m. 
 
Based on Table 3, it can be seen that the beam strength reduces approximately by 21% in the worst case (i.e. 20% loss of 
steel and spall both at the bottom of beam) 
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Table 3 
Fragility curve statistics for degraded and undegraded Beam 
  
 
 
 
 
 
 
 
 
4.0 Fragility Evaluation of Degraded Flanged Shear Walls 
4.1 Shear Wall Design 
 
4.1.1 ACI Code method 
 
The shear capacity of the  shear wall can be obtained by using the following expressions: 
 
n c)hd+(Nud)/4Lw+Avfyd/s2] 
 
where   (taken 1.0 in this case) 
h = wall height = 6.1m 
t= wall thickness = 61cm 
Av=area of horizontal steel within distance S2 
d = 0.8*wall width 
S2 = spacing of horizontal reinforcement 
Axial load Nu=(0.3 *h *Lw) = 2.07 MPa 
Lw  = Wall width =6.1m 
 
Flexural strength of concrete ft=3.09 MPa 
Modulus of Elasticity Ec=26.4 GPa 
Horizontal Reinforcement Ratio rh=0.003 
Vertical Reinforcement Ratio rv=0.003 
Cylindrical compressive strength of concr c=27.6 MPa 
Yield strength of steel fy=415 MPa 
 
The resulting design capacity of the wall in shear is calculated to be 9,560 kN 
 
4.1.2 Finite Element Method 
Based on the load deflection characteristics as shown in figure 6, the yield load was about 11,300 kN. At yield deflection of 
1.91mm (i.e driff ratio=0.03%). 
 
Based on figure 6, the ACI Code method predicted 83% of yield load resulted in a deflection is approximately equals to 
1.52mm. 
 
 
Case  Mean capacity 
(kN/m) 
 Coefficient of 
Variance (COV) 
Undegraded 126 0.11 
Bottom spall 120 0.12 
Top spall 118 0.12 
Top and Bottom spall 115 0.13 
10% loss of Top and 
Bottom steel 
114 0.12 
20% loss of Top and 
Bottom steel 
106 0.13 
20% loss of steel & 
spall, both at bottom 
104 0.12 
20% loss of steel & 
spall, both at top 
109 0.12 
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4.2 Fragility Results 
 
Fragility curves were usually generated for the ungraded and degraded shear walls. The data shown in Table 2,  was taken  
to develop fragility curve for ungraded shear walls based on the analysis using 19 samples the mean shear strength was 
found to be 16,300 kN with a deflection of  7.62 mm and logarithmic standard deviation of 0.149.  
 
The fragility parameters of degraded shear walls was summarized in figure 7. 
 
Certainly based on the figure7, and from analysis it can be noticed that approximated 6% of the strength reduction was 
encountered for 20% loss of steel area and concrete spalling. 
 
5.0 Conclusions 
 
As beam properties degrade, beam fragility curves shift to lower values of strength and remain approximately      parallel to 
each other. 
 
Based on figure 3, finite element results for undegraded beam are consistent with the analytical results. 
 
Based on figure 6, the prediction of ultimate shear strength for undegraded flanged shear wall using finite element method 
was much higher (approximately 75%) than the ACI Code method prediction. 
 
Effect of loss of steel area in combination with spalling of concrete, the flexure strength of beam resulted in a higher 
reduction as compare to the shear strength of flanged shear wall, assuming the median values of all parameters. 
 
Based on the fragility curves presented in this paper, the effect of degradation can be predicted for other reinforced concrete 
members, provided that all parameters are within the scope of this study. 
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Figure 3 Comparison of Finite Element Method (FEM) and Analytical Beam Deflection Prediction
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Figure 4 Effects of Degradation on Beam strength (Modified: BNL-NUREG -68193)
Figure 6 Comparison of FEM and Analytical Shear wall Deflection Prediction
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Figure 7 Fragility curves for shear wall (Modified: BNL-NUREG-68193)
